ABSTRACT
The innate immune system uses pattern recognition receptors (PRRs) such as Toll-like receptors (TLRs) to recognize conserved pathogen-associated molecular patterns (PAMPs) expressed by microbes and to activate the initial phase of immune response. Both bacterial and viral nucleic acids activate TLRs resulting in cytokines and interferon production. Recent studies indicated that unmodified small interfering RNAs (siRNAs) corresponding to either mammalian (self) or microbial (non-self) RNA sequences can activate immunity through TLR7/8 in a sequence-dependent manner. Hence, the use siRNAs in humans will require understanding the mechanisms involved in the discrimination between self and non-self RNAs. In the case where immunostimulation is not wanted, chemical modifications can prevent immune activation and reduce off-target effects, while preserving siRNA silencing potency. Interestingly, 2'-O-methyl modified RNAs not only evade immune sensing, but antagonize with immunostimulatory single-or doublestranded siRNAs to activate innate immunity. This review highlights the recent progress in understanding the siRNA sensing by innate immunity and presents a range of strategies allowing either the design of siRNAs with minimal or maximal immunostimulatory potency for therapeutic applications.
INTRODUCTION
Although RNA-based gene silencing was first described in plants, its importance come from the demonstration that RNA interference (RNAi) can be used in the nematode Caenorhabdtis elegans to specifically inhibit gene expression (1) (2) (3) . In all of these organisms long dsRNAs are used as triggers of RNAi. Most mammalian cells, however, do react to long double-stranded (ds) RNA (>30 bases) by activating the interferon pathway leading to apoptosis (4) . DsRNA is synthesized during the replication of many viruses, which includes RNA and DNA viruses, and is a potent activator of innate immune cells. Notably, fundamental insights into mammalian RNAi came from biochemical studies showing that the main components of the RNAi machinery were conserved across species and that short RNA duplexes of 21 nt in length, known as small interfering RNAs (siRNAs) are the effectors of RNAi (5, 6) . These observations led to the demonstration that siRNAs, mimicking the Dicer cleavage products, are able to mediate efficient and specific RNAi upon tansfection into mammalian cells without triggering the IFN response (7), Figure 1 ). Subsequent to this discovery, the use of siRNAs to study gene functions in mammalian systems has become a standard laboratory technique (8, 9) . In contrast to long double-stranded RNAs, siRNAs are directly loaded into a multi-protein complex termed RNA-induced silencing complex (RISC, where the sense strand with high 5'-stability) is cleaved by the nuclease AGO2. This will lead to strand separation. Subsequently, the RISC containing the antisense strand (guide strand) seeks out and binds to complementary mRNA sequences. Bound mRNA molecules are then cleaved by AGO2 and cleaved mRNA fragments are rapidly degraded by cellular nucleases. Following dissociation, the active RISC is able to recycle and cleave additional mRNA molecules.
Notably, one important feature of RNAi is the processing of long dsRNAs by an RNase III-like protein, known as Dicer, into 21-24 nucleotides (nt) ds siRNAs. Like all RNase III enzymes, Dicer leaves two nucleotide (nt) 3'overhangs and 5' phosphate groups. These siRNA duplexes are then incorporated into a multiprotein complex, the RNA-induced silencing complex (RISC). Subsequently, the antisense strand guides the RISC to recognize and cleave target mRNA sequences (9) . The catalytic activity of RISC, which leads to the cleavage of target mRNAs at the site opposite to the 10 th and 11 th positions of the guide siRNA strand, is mediated by argonaute 2 (AGO2) protein, the only AGO family member that is cleavage competent (10, 11) . Members of argonaute family protein are highly basic proteins containing two common domains, PAZ and PIWI domains. The PIWI domain is essential for interaction with Dicer and contains the nuclease activity that cleaves of target mRNAs. It should be noted that during RISC activation the passenger siRNA strand is also cleavage by AGO2, thus facilitating the formation of functional RISC complexes (12, 13) . Interestingly, analysis of the crystal structure of a siRNA guide strand associated with PIWI domain showed that nucleotides 2-8 form a seed sequence that directs target mRNA recognition by RISC (14) .
Although initial studies demonstrated that siRNAs are specific and small enough to evade the immune system, recent reports demonstrated that they can activate innate immunity by inducing cytokine and type I interferon expression (15) (16) (17) (18) . Additionally, some investigators showed that transcripts having some homology with a given siRNA can be downregulated by RNAi pathway, a phenomenon known as off-target effects (16) . Although some of the off-target effects can be reduced using lower siRNA concentrations, the interferon response was observed even at low concentrations (8, 15) . Therefore, there is a need to examine the immunostimulatory effects of any potential therapeutic siRNA in human immune cells prior to clinical applications. Additionally, it is important to Figure 2 . How antigen presenting cell (APC) discriminate between self and non-self nucleic acids or proteins? APC such as dendritic cells can capture antigens derived from self and non-self compounds with the same efficiency. Also, self and non-self nucleic acids can be sensed by the same receptors. define the molecular basis for self and non-self discrimination of nucleic acids in order to develop strategies that facilitate the design of safe therapeutic siRNAs.
IMMUNE RECGNITION OF PATHOGENS
Immunity refers to the global ability of the host to resist the predation. The innate immune system provides the first line of protection against infection. Through a limited number of germline encoded PPRs, innate cells sense the presence of pathogens and respond specifically through the identification of conserved structures expressed by a large group of microorganisms, known as PAMPs (19, 20) . PAMPs are unique to microorganisms such as lipopolysaccharide, peptidoglycan, capsular structures, bacterial flagellin, bacterial DNA, bacterial lipids, viral RNAs, and viral glycoproteins. Among PRRs, Toll-like receptors (TLRs) are crucial for pathogen-derived products and activation of innate and adaptive immunity (21, 22) . They owe their name to the Drosophila melanogaster protein Toll, which controls the dorsal-ventral patterning of the fly embryo (23) . In flies such as Drosophila melanogaster, the innate immune response to fungal and gram-positive bacterial infections is mostly under the control of the Toll signaling pathways (24) . Their discovery in humans as sensors of microbial compounds has transformed the views of discrimination between self and non-self components, a key requirement of any immune system. TLRs expressed by vertebrates are type 1 transmembrane proteins bearing an intracellular Toll/IL-1R homology domain (25) .
The conservation of Toll receptors in diverse organisms as humans and nematodes along with similarities in their signaling pathways shows that TLRs represent an early and successful response to detect microbes and initiated immune responses, leading to the specific activation of antigen presenting cells. To date, 13 members of the TLRs family have been identified and are expressed predominantly on cells of the immune system (25) . TLR1-9 are common to humans and mice, while TLR10 appears to be functional only in humans and TLR11-13 are found only in the mouse. All TLRs contain extracellular leucine-rich repeat domains, which recognize pathogens and a cytoplasmic signaling domain known as Toll-interleukin receptor (TIR) domain, which links the recognition signal with intracellular signaling pathways. Upon ligation of TLRs with their cognate ligand, signaling cascades are activated resulting in the production of innate effector response that is responsible for the activation of adaptive immune response. With exception of TLR3, all TLRs recruit the adaptor protein MyD88, a cytoplasmic protein containing a TIR domain and a death domain. Upon activation, the TIR domain on the intracellular region of the TLR binds to MyD88 TIR domain, leading to the recruitment and activation of IRAK1 and IRAK4, and subsequently TRAF6 (25) . This signaling pathway eventually leads to the activation of signal transduction cascades, including recruitment of adaptor molecules, tyrosine phosphorylation and activation of transcription factors that result in the expression of the host defense immune genes. Notably, the mitogen-activated protein kinases are activated downstream of TRAF leading to the production of proinflammatory cytokines such as TNF-α, IL6, IL-1β, and IL12.
Although normally present at the plasma membrane to detect extracellular pathogens, particularly bacterial products, TLR7, TLR8 and TLR9 are not expressed at the plasma membrane but, instead, sequestered in the intracellular compartments such as endosomes to sense viral components. A small fraction of TLR3 can be found in the endosomes. The intracellular localization of these receptors may prevent them from recognizing potentially dangerous self-ligands, which would trigger activation of the innate immunity in the absence of infection (see below). Despite our understanding of immune responses against foreign antigens, it is still unclear how an antigen presenting cell (APC) can differentiate between self and non-self antigens (Figure 2 ).
CYTOPLASMIC AND ENDOSOMAL SENSING OF VIRAL NUCLEIC ACIDS
The immune system has evolved cellular and molecular strategies to discriminate between foreign and self nucleic acids. Among the cytoplasmic sensors of long ds RNA, is the dsRNA-dependent protein kinase (PKR) that phosphorylates serine and threonine residues of target proteins (25) . Most human cells constitutively express a low level of PKR that remain inactive. Upon binding to dsRNA, PKR forms a homodimer leading to its autophosphorylation and activation. Activated PKR phosphorylates the translation initiation factor elF-2α causing the inhibition of protein synthesis, an essential step in antiviral resistance (25) . Also, PKR can phosphorylate Figure 3 . Immune response to self and non-self chemically made RNAs. Lipid delivery of immunostimulatory siRNAs (self or non-self sequences) activates innate immunity through endosomal TLR7/8, leading to cytokines and type I interferon production. The delivery of the same siRNA sequences into the cytoplasm through electroporation did not induce cytokine production (35, 38) .
IKK-β, leading to the activation of NF-κB signaling pathway. It should be noted that PKR's binding to ds RNA is sequence-independent and the presence of interferon upregulates PKR expression. Although as little as one helical turn of dsRNA (about 11 bp) has been shown to interact and activate PKR, optimal activation requires at least 30-80 bp dsRNA (26) .
A second protein that is stimulated by dsRNA is 2'-5' oligoadenylate synthetase (OAS), which is expressed constitutively and upregulated through IFN-α and -β signaling during antiviral responses (27) . OAS activates the endoribonuclease RNAase L through the synthesis of short oligoadenylates leading to the cleavage of both cellular and viral RNAs. Although both OAS and PKR are implicated in antiviral immunity, PKR and RNAse L are mainly IFN effectors and not absolutely required for IFN production. Therefore, other kinases may be involved. More recently two additional intracellular helicases, retinoid-acid-inducible gene I (RIG-I) and melanoma differentiation-associated gene 5 (MDA-5), that sense viral dsRNA were identified (28) . These helicases are widely expressed in inactive form and like other antiviral protein; they are upregulated by IFN / . RIG-I encodes a caspase recruitment domain (CARD) at the N terminus, in addition to an RNA helicase domain. The RNA helicase domain requires ATPase activity and is responsible for viral dsRNA recognition and binding, resulting in a conformational change that exposes the CARD domain that interacts with another CARDcontaining adaptor protein, known as IPS-1, MAVS, Cardif or VISA. (28) . IPS-1 is an outer mitochondrial membrane binding protein. IPS-1 activates IRF3 and IFR-7 through TBK1/IKKi. This signaling pathway leads to the activation of NF-kB and interferon regulatory factor 3 that trigger IFN-β production (29). Mitochondrial retention of IPS-1 is essential for IRF-3, IRF-7 and NFkB activation by RIG-1 (29).
In addition to cytoplasmic sensors, recent studies have also shown that TLRs are crucial in sensing viral and bacterial nucleic acids (22) . It should be noted that the subcellular localization of TLRs correlates with the nature of their ligands, rather than their sequence similarity. Whereas most TLRs are expressed in the plasma membrane for detecting bacterial components, TLR3, TLR7, TLR8 and TLR9, are expressed in intracellular compartments (endosomes, lysosomes) (21) . The immune function of this cellular localization is to sense viral RNAs. TLR3 is also expressed on the cell surface and it is believed to recognize viral double-stranded RNA released during cell lysis (30) . TLR7 and TLR8 recognize viral single-stranded RNA (ssRNA) and small synthetic antiviral compounds referred to as imidazoquinolines (31) . TLR9 recognizes unmethylated CpG-DNA motifs, which are frequently found in bacterial DNA (32) . The presence of CpG dinucleotides is suppressed in the vertebrate genomes and, when present, the cytosine is usually methylated. However, the structural differences of eukaryotic versus prokaryotic DNA are presumably not the only mechanism for distinguishing self from non-self nucleic acids. Indeed, the sequestration of self-DNA in the nucleus and TLR9 in the intracellular compartments (e.g. endosomes) should provide an additional safety mechanism for avoiding contact with each others. The sequestration of TLR7 and TLR8 in the endosomes, most likely limit their reactivity to self nucleic acids (22) . However, despite these tolerance mechanisms, endosomal TLRs seem to play an important role in the induction and/or perpetuation of autoimmune diseases (33). It should be noted that intracellular NOD-like receptors detect bacteria, whereas viruses are detected by Toll-like receptors (which also recognize bacteria, fungi, and protozoa) and RIG-like receptors. The virus-detecting Toll-like receptors operate mainly in plasmacytoid dendritic cells by responding to viral nucleic acids that have been ingested by the cell through phagocytosis and incorporated into endosomal compartments. In these cells, the major immune response is production of type 1 interferon (34).
TLR7/8 ARE THE MAIN SENSOR OF SIRNAS
As mentioned above, siRNAs have emerged as a powerful experimental tool to study gene functions. Although siRNAs were initially thought to be small enough to avoid the activation of the IFN pathway (7), we and others have shown that they could activate innate innate immunity in mammalian cells (35) (36) (37) (38) . Initial studies indicated sequence-independent activation of PKR and TLR3 signaling pathways by siRNAs (18, 39) . However, recent studies demonstrated that PKR and TLR3 do not represent the major pathways by which chemically synthesized siRNAs activate immunity (35) (36) (37) (38) . Indeed, certain siRNA sequences stimulated monocytes via TLR8 or dendritic cells via TLR7 to produce proinflammatory cytokines and large amounts of interferon α, respectively ( Figure 3) . Also, the data indicate that a high concentration of self-RNA (sense strands) or non-self RNA (antisense strands) within the endosomes does not necessarily activate TLR signaling because the effects were found to be sequence-dependent (35) . This response is mainly mediated through TLR7 in mice and TLR7/8 in humans. Indeed, TLR7 knockout mice did not mount immune activation in response to siRNAs (36) . We also found that ss siRNAs are more effective than ds siRNA in triggering TLR7 and TLR8 responses (35, 38) . Altogether, these findings highlight the importance of analyzing the immunostimulatory potential of siRNAs prior to clinical applications. For each target gene, it is therefore wise to screen for several siRNA sequences.
TLR7/ TLR8 RECOGNITION RNA MOTIFS
TLR7 and TLR8 recognize certain siRNA sequences, provided they are delivered to the endosomes. Thus, what is the nature of IFN-inducing motif present in one sequence but absent in another? Initial experiments indicate that some types of secondary structures and/or specific nucleotides are responsible for the activation of NF-κB signaling pathway by siRNAs in human monocytes (15) . Monocytes are circulating peripheral blood cells that can be differentiated by cytokines into macrophages of different phenotypes as well as into dendritic cells. As mentioned above, siRNA effects are sequence-dependent and can occur with ds siRNAs and ss siRNAs (35) . Judge et al. found that the 5'-UGUGU-3' motif was indispensable for the immune activation by a siRNA in human blood cells (37) . However, Hornung et al. identified a 9 nt motif RNA motif (5'-GUCCUUCAA-3') that is recognized by TLR7 in the context of siRNA duplexes and the activity does not depend on GU content (36) . However, our studies indicated that interferon induction by siRNAs cannot be easily suppressed by selecting siRNA sequences without the GU dinucleotides (35) . Indeed, several siRNA sequences without GU induced TNF-α production in human PBMC and monocytes. Although the precise nature of the RNA motifs responsible of innate immune activation is not known, we found that the ability of siRNAs to activate TNF-α production is largely dependent on the uridine content because the replacement of uridines with adenosines abrogated immune activation (38).
OVERCOMING SiRNA IMMUNE ACTIVATION
Considering the high frequency of uridines in messenger RNAs it is more likely that a high proportion of siRNAs will activate innate immunity. Therefore, it would be desirable to develop strategies that evade immune activation. At least 3 distinct ways to avoid immune activation by siRNAs. The first would be to use delivery agents that avoid the delivery and/or retention of siRNA within the endosomes. Indeed, inhibition of endosomal maturation and acidification blocked both single-and double-stranded siRNA-induced TNF-α production (Figure 4 ). Song and colleagues showed that an antibodybased delivery strategy can result in gene silencing without immune activation (40) . The second way relies on the use of modified nucleotides that are essential to protect RNA from degradation by nucleases in vivo (41) . However, the chemical modifications that block immune activation must be chosen carefully so as not to inhibit siRNA silencing potency. Thus, finding the appropriate chemical modifications for blocking siRNA immune activation will be important for exploring their therapeutic applications. In this respect, the incorporation of various 2'-modified nucleotides in siRNA sequences abrogated their immunostimulatory potency (42) . However, the chemical modifications that block immune activation must be chosen carefully so as not to inhibit siRNA silencing activity. Thus, finding the appropriate chemical modifications for inhibiting siRNA immune activation will be important for exploring their therapeutic applications. Fortunately, we have shown that replacement of only uridines with their 2'-fluoro, 2'-deoxy, or 2'-O-methyl modified counterparts can abrogate immune recognition of siRNAs by TLRs without reducing their silencing potency (38, Figure 5 ). These findings have subsequently confirmed by gene expression analysis using microarray technology (43) . Interestingly, TLR 7/8 ligands such as immunostimulatory siRNAs induced the expression of a large number of genes that are involved in both innate and adaptive immunity. Furthermore, several set of genes involved in different pathways such as antigen presentation, cell motility, and endosome maturation are induced ( Figure 6 ). For example, the genes encoding for V1 ATPase H subunit and p38 mitogen-activated protein kinase are upregulated. This would indicate that endosomal maturation can be controlled by RNA-induced TLR7/8 signaling. In the presence of exogenous antigens, endosome acidification and maturation are expected to enhance the presentation of antigens in the context of MHC class II that result in the activation of CD4+ T cells. A fraction of endocytosed exogenous antigens escape from early endosomes and enter the MHC class I presentation pathway, a process known as crosspresentation ( Figure 7 ).
Regarding chemical modifications, Judge and colleagues also demonstrated that the incorporation of 2'-
O-methyl-uridine or 2'-O-mehtyl guanosine residues into siRNAs can abrogate their immunostimulatory potency (44) . Collectively, the available data offer the possibility of choosing the appropriate chemical modifications that evade immune activation without reducing siRNA-silencing activity. When designing chemically modified siRNAs, it is also important to consider some rules in order to avoid the inhibition of siRNA cleavage activity. First, the 5' end of the sense strand must have a free hydroxyl or phosphate group. Second, the 5' end of the sense strand can be modified in order to block its incorporation into the RISC. Third, the 3' ends of the sense and antisense strands can be modified with any fluorochrome. These 3'-end modifications would facilitate the examination of siRNA uptake and imaging.
The finding that 2'-modified RNAs can evade immune activation suggest that naturally modified RNAs are not sensed by TLRs. Support of this view has been provided by Karikó and colleagues, who demonstrated that modifications that are frequently found in mammalian RNA (such as pseudouridine, 5'-methylcytidine, 2'-Omethyl) can interfere with the capacity of RNA to activate TLR-7 in human cells (45) . Thus, unmodified RNAs corresponding to mammalian sequences would be expected to activate TLR7 more effectively than native RNAs provided they are delivered to the endosomes (35).
ENDOSOMAL ACIDIFICATION BLOCKS IMMUNE ACTIVATION BUT NOT GENE SILENCING
In light of the finding that endosomal maturation is a precondition for either double-stranded or singlestranded siRNA-based activation of the immune system (35) , one could use inhibitors of endosome maturation/acidification to block immune activation (see Figure 4) . Because chloroquine and bafilomycin A1 blocked the immunological activity of siRNAs (35 ), we have investigated whether the RNAi pathway is active in chloroquine-treated human cells. The data showed that the silencing activity of siRNAs was not inhibited, even enhanced, in the presence chloroquine (35) . Similar results were obtained with bafilomycin A1. Therefore, the combination of low concentrations of chloroquine or bafilomycin A1 with siRNAs would facilitate basic and clinical applications of siRNAs, particularly the use of siRNA in functional genomics and drug-target validation (46).
SUPPRESSIVE 2'-MODIFIED RNAs
The finding that unmodified, but not 2'-modified RNA, are potent triggers of RNAi raised questions about the differences in their structures that might be relevant to binding to TLRs. So, which steps are affected by 2'-modifications, and why can't 2'-modified RNAs trigger immune activation? One way to address the first question is to assess whether 2'-modified RNAs antagonize with immunostimulatory RNAs to trigger TLR7/8 signaling. Studies of transfected human monocytes show that 2'-Omethyl modified RNAs abrogates the activation of TLRs by immunostimulatory RNAs (46) . Of considerable interest, is that 2'-O-methyl modified RNAs suppressed immune activation at very low concentrations (47), Figure 8 ). In addition, we have shown that they can effectively inhibit immune activation by a variety of immunostimulatory RNA sequences, including bacterial and mitochondrial RNAs (47) . Interestingly, chemically modified RNA can antagonize with immunostimulatory RNAs to activate IDO, an immunosuppressive factor, in human monocytes (48) . In accordance with our data, Robbins and colleagues have reported that 2'-modified immunostimulatory RNAs can function as TLR7/8 antagonist by inhibiting TLR7 activation by imunostimulatory RNA and loxoribine in both murine and human cells (49) . Also, 2'-modified RNA inhibited R848-induced TNF production in human monocytes and PBMC (Furset & Sioud, unpublished data) . Altogether, these studies would indicate that natural 2'-modifications in host RNAs not only evade immune activation as suggested by Karikó and colleagues (39) , but also can suppress the activation of TLRs triggered by other immunostimulatory RNAs derived from host cells ( Figure  8 ). Suppressive 2'-modified RNAs should represent a new class of TLR antagonists that may be useful in the treatment of inflammatory diseases. Further analysis of our microarray data using pathway analysis tools gave insights into several pathways that are activated by TLR7/8 signaling in human PBMC and purified monocytes. These networks were enriched in genes involved in endosome maturation, apoptosis, and anti-bacterial and antiviral immune responses. Interestingly, re-stimulation of human PBMC with immunostimulatory RNAs after a 24 hours stimulation period induced the expression a set of genes that are involved in apoptosis and negative regulation of TLR signaling, bacterial and viral replication, whereas the genes encoding for proinflammatory cytokines (e.g. TNF-α and IL-6) were less induced than during the first stimulation. This observation indicates that during persistent infections or repeated vaccination, gene expression might not be equally primed during the infection or vaccination schedule (Sioud M, unpublished data). Understanding the nature of mechanisms that regulate this differential innate immune response will be important for the application of immunostimulatory RNAs as a vaccine adjuvants.
STRUCTURAL BASIS OF siRNA AND miRNA EVASION OF RIG-I, A RNA HELICASE
In addition to the demonstration that endosomal TLR are required for siRNA-sensing by the immune system, our data indicate that PKR and RIG-I are neither necessary nor sufficient for siRNA-induced immune activation. Indeed, cytoplasmic delivery of either Single-or double-stranded siRNAs through electroporation did not induce cytokine production, however; when the same sequences were delivered to the endosomes thought lipid they did (35, Figure 3 ). Despite our understanding of self and non-self discrimination, it remains unknown how unmodified synthetic RNAs and endogenously expressed microRNAs (miRNAs) evade immune recognition by PKR and RIG.I. Notably, endogenous long ds RNA can derive from various sources such as simultaneous sense and antisense transcription of specific genomic loci or viral replication intermediates. However, the predominant form of naturally occurring ds RNA in mammalian cells is derived from endogenously expressed miRNAs that constitute a large class of noncoding small RNAs involved in gene regulation in a variety of organisms ranging from plants to mammalians (50) . Presently, more than 1000 potential human miRNAs have been identified and numerous have been experimentally validated. Usually miRNAs are transcribed from endogenous genes by RNA polymerase II as long RNA precursor called a primary miRNA (pri-miRNA), containing one or more distinct miRNAs. In the nucleus the RNA precursors are processed by Drosha to 60-80 nt RNA hairpin intermediate, bearing 2nt 3' overhang, called a pre-miRNA. Interestingly, the Drosha cleavage site was shown to be 11 base pairs from the stem single-stranded RNA junction (51) . Processed pre-miRNAs are then transported from the nucleus to the cytoplasm by exportin-5, where its 2 nt 3'-overhang is recognized by Dicer, which generates the mature miRNA of approximate 22 nt length (50) .
Recently, long ds RNA (27-30 nt) have shown to induce RNAi more efficiently than 21 nt siRNAs because they enter the RNAi pathway in a Dicer-dependent fashion (52) . However, it was not clear why these dsRNAs did not activate innate immunity, in particular RIG-I. A Further study showed that siRNAs with blunt ends activated interferon response genes whereas siRNAs with 2 base 3'-overhangs did not (53) . The authors showed that RIG-I can recognize siRNAs with or without 2-base 3'-overhangs, but only those with blunt ends could trigger its ATPase activity and subsequent downstream signaling pathways (53) Similarly, endogenously expressed shRNAs (substrate for Dicer) are not recognized by the cytoplasmic sensors of RNAs (54) . The reported data support the notion that miRNA and shRNAs are protected by the presence of 2 base 3' overhangs (55) .
During our studies we have also found that synthetic single stranded RNAs (21 nt) do not activate innate immunity when delivered to the cytoplasm via electroporation (Figure 3 ). These single-stranded RNAs do not contain 2 base 3' overhang. Thus, why chemically made single-stranded RNAs are not sensed RIG-I and other cytoplasmic RNA sensors? To examine the potential contribution of RIG-1 in sensing viral RNAs, we have transfected adherent PBMCs with either T7-transcribed or chemically synthesized single stranded RNAs (56) . Interestingly, the inhibition of endosome maturation by chloroquine abrogated the immunostimulatory activity of chemically made RNAs, but not the T-7 made RNAs. In addition, the immunostimulatory effect of the T7-made RNAs was not inhibited with 2-aminopurine, a specific inhibitor of PKR (56) . So, which cytoplasmic protein(s) sense in vitro transcribed RNA that is characterized by the presence 5'-triphosphate? Recent studies indicate that RIG-I senses single-stranded RNA-bearing 5'-triphosphate (57) . Therefore, the cytoplasmic presence of RNA containing accessible 5'-triphosphate constitutes a viral "pathogenassociated molecular pattern" responsible for immune discrimination between self-and viral RNA. In contrast to viral RNAs, most self-RNAs undergo several modifications to eliminate or protect the 5'-triphosphate from being recognized by RIG-I. However, the reported data do not explain why certain endogenous RNA with 5'-triphosphate escape RIG-I recognition. The naturally occurring 2'-ribose modifications might block RIG-1 activity. It should be noted that MDA5, the most closely related protein of RIG-I, is also an IFN-inducible protein that are involved in sensing ds RNA structures. On the basis of the recent studies dealing with immune sensing of RNAs, we can conclude that viral dsRNA and single stranded RNAs are mainly recognized by RIG-1 helicase. Viral ss RNAs are also recognized by TLR7/8, but in a sequence-independent manner. In contrast, synthetic small RNAs such as siRNAs are recognized by TLR7/8 in a sequence-dependent manner. Exogenous viral ds RNA derived from infected cells are sensed by TLR3 that is localized on the cell surface as well as the endosomes (Figure 9 ). It should be noted that RIG-I and MDA5 recognize distinct sets of RNA viruses and their function might be cell-dependent.
EFFECTS OF CHEMICAL MODIFICATIONS ON SiRNA OFF-TARGET EFFECTS
siRNA-mediated mRNA downregulation was initially reported to be highly specific (7) . However, recent studies have shown that siRNAs with only partial complementarily to mRNAs can also cause a reduction in the RNA levels of a large number of transcripts. Another potential source of siRNA toxicity is therefore the destruction of cellular mRNAs that share partial homology to the siRNA sequences (17) . Because the cellular pathways activated by miRNAs and siRNAs are similar, it is more likely that each siRNA sequence will exhibit a miRNA activity (50) . The most commonly used strategy to ensure siRNA target specificity is the basic local alignment search tool BLAST. However, short sequence stretches may not be detected by BLAST program. In addition, the identification of such sequences does not necessarily indicate the occurrence of off-target effects. Similarly, the absence of short homologies will not rule out off-target effects. The best way to deal with this problem is to analyze global gene expression, specifically when siRNAs are going to be used in functional genomics or to develop therapeutics. During our studies with siRNAs, we have found that 2'-uridine modifications of siRNAs not only evade immune activation but they can reduce ss siRNAs and ds siRNA off-target effects (43) . Although the evading mechanism remains to be investigated, it is probable that the interaction of ss siRNAs or ds siRNAs with unintended cellular mRNAs is affected by chemical modifications. In accordance with our observations, Jackson and colleagues found that the incorporation of 2'-O-methyl group at the second position of the guide strand reduced most off-targetgene silencing without significantly affecting silencing of the intended targets (58) . Collectively, these studies offer a simple strategy for reducing off-target effects.
IMMUNE MODULATION OF DC FUNCTION BY BIFUNCTIONAL siRNAs
Among the innate immune sensors that link innate and adaptive immunity, dendritic cells (DCs) play a crucial role in immune responses and are the only cell type capable of initiating adaptive immune responses by activating naïve T cells (59, 60). DCs can be divided into two broad types: those that reside in the peripheral tissues such as mucosa, skin, and internal organs (tissue DCs) and those that reside in the blood and lymphoid tissues (blood DCs). Both immunity and tolerance are controlled by DCs (Figure 10 ). In the absence of "danger signals" immature DCs mediate peripheral tolerance, leading to T cell anergy or deletion due to the absence of appropriate costimulation by CD80/CD86 molecules (60) . TLR signaling induces the maturation of DCs, a process that entails upregulation of major histocompatibility complex class I and class II molecules, costimulatory molecules such as CD40, CD80 and CD86, and the production of IL12. Unlike pathogens, tumors do not induce an effective inflammatory response leading to DC activation. DC maturation with cytokines without endosomal maturation may induce tolerance rather than T cell priming. Furthermore, tumor microenvironment can protect tumor cells from immune destruction. Indeed, soluble immunosuppressive factors, and membrane-bound molecules such as transforming growth factor β, interleukin IL10, prostaglandin E2, and CTLA-4 represent a barrier for antitumour immunity (61). Interfering with the expression of these immunosuppressive factors might potentiate antitumour T cell effector function in vivo (52).
As indicated above, pathogen-mediated maturation of DCs is mediated mainly through the TLRs that are expressed on immature DCs. Optimal DC maturation might therefore require a combination of both cytokines and TLR ligands. Previously, we have shown that stimulation of DC with immunostimulatory siRNAs induce their maturation to secrete cytokines, including IL6 and IL12 (35) . While IL12 is required for Th-1 type response, IL6 renders CD4+ effector T cells refractory to T reg cellmediated suppression. To extend these findings, we have tested the possibility of designing bifunctional siRNAs capable of triggering TLR signaling and simultaneously blocking the expression of immunosuppressive factors (56) . The inappropriate expression of immunosuppressive cytokines and other negative regulators is expected to Figure 11 . Potential effects of bifunctional siRNAs on the immune system. By targeting factors involved in immune suppression such as IL10, TGF-β, and SOCS-1 by immunostimulatory siRNAs, one may improve immune response to cancer cells by activating innate immunity that initiate the activation of adaptive immunity hamper immunity against tumors and virus-infected cells (62) . Therefore, the development of agents that stimulate DCs and subsequently suppress the expression of negative regulators, such as IL10, TGF-β and SOCS proteins would facilitate the development of effective cancer vaccines. In a recent study, we have assessed the possibility of combining gene-silencing and immunostimulation in one siRNA molecule ( Figure 11 ). Immature monocyte-derived dendritic cells incubated with anti-IL10 siRNAs produced cytokines (e.g. IL6, TNF-α, IL12), upregulated the expression of the costimulatory (e.g. CD80, CD86), MHC class II molecules, and the chemokine receptors CCR7. Also, IL10 siRNAs enhanced the ability of DCs to activate T cells in MLR assays (60) . Thus, the possibility of triggering endogenous IL12 and IL6 production through deliberate activation of TLR7 or TLR8 pathway via IL-10 siRNAs is of considerable interest. In addition to IL10, bifunctional siRNAs against other key factors involved in immune suppression were developed. These include SOCS1, STAT-3, and TGF-β.
The SOCS proteins have been identified as inhibitors of cytokines signaling and shown to function in a classical feedback loop (63) . These proteins can be induced by cytokines (e.g. IL6, Il-2, TNF-α, IL-1) and by innate immune stimulatory factors (e.g. LPS). They regulate signaling via the Jak/Stat pathway and have been shown to modulate DC function by switching off IFN-γ and/or IL12 signaling during immune response. By targeting SOCS1 with conventional siRNAs in DCs, Chen and colleagues demonstrated that antigen-specific antitumor immunity can be enhanced (64) . A major challenge in developing dendritic cell-based cancer vaccines is the in vitro generation of immunopotent dendritic cells, namely dendritic cells that, when loaded with tumor antigens and injected into patients, will home to the draining lymph node and activate cognate T cells. Bifunctional siRNAs are expected to enhance DC function.
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